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end Robert O Piland

- STMMARY

Measurenents of bee-layer transit ion and serodynsmic heat
transfer have been mede on an 8-inch-diameter hemi sphere -cylinder rocket
propel led free-f light nodel. Preliminary results are presented herein
for the portion of the f£flight at hi gh Reynolds numbers. Data in the form
of Stanton nunmbers are presented for Mach nunbers between 2 and 3 for
free-stream Reynol ds nunbers based on a length of 1 foot between 10.7 x 106
and 17.7x 100 -

It was shown that surface roughness has a first-order effect on the
Reynol ds nunber of trensition. Conparison with previous tests indicated
that the Reynolds nunber of transition breed on nonentum thickness on the
hem sphere coul d be increased fromthe order of 100 to 40 to the order
of 900 to 1,200 by reducing the roughness from greater thsn 25 rns micro-
inches to |ess thanb5microfiches for these test conditions. It was fur-
ther shown that |ocal roughness was likely to be more inportant than
average roughness.

INTRODUCTION

The National Advisory Conmittee for Aeronautics iS conducting a
series of flight tests to study the aerodynam ¢ heating characteristics
of blunt shapes. Initial flight tests of blunt shapes in the Mach num
ber range of 2 to 5indicated that boundary-layer transition occurs at
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| ocal Reynolds numbers based on distance fromthe stagnation point of

1x 10° to 2 x 10°. The Reynol ds nunber of transition based on calculated &
monent um t hi ckness was in the range of 100 to 40. It was conjectured i
that surface roughnesswascausing the very low transition Reynolds num

ber, the surface roughness of the nodels being 25 rns microinches or

grgzater. The results of these initial tests are presented in references 1

and 2.

In order to find the gross effect of roughness on transition, sev-
eral highly polished blunt noses have been tested. The first of these,
reported in reference 3, had a surface roughness of 2 to 5 microinches.
The 1 ocal Reynol ds munber of transition was as high as 15 x 106 and never
| ower than 4.5 x 10° for the period-of flight during which data were
obt ai ned. These Reynolds numbers correspond to Reynolds numbers based
on monmentum t hi ckness of 2,100 and 800, respectively. In either case
a lerge beneficial effect of polishing is indicated. The present report
contai ns preliminery results froma second flight-test of a highly polished
nose. The model was an 8-inch-dianeter hem sphere-cylinder identical to
the “rough” hem sphere-cyltider reported in reference 2. Again the pur-
pose of the test was to determine the gross effect of surface roughness
on transition. The present preliminary report contains data obtained
only dining the portion of flight at high Reynolds nunbers based on a
length of 1 foot (first-stage boost and coast) amd only on the forward
portion of the model. Data are presented foy Mach numbers up to 3 and .
Reynolds humbers based on diameter Up to 12°%’. The test was con-
ducted in Decenber 1956 at the Langl ey Pilotless Aircraft Research
Station at Wallops Islend, Va.

SYMBOLS
h aerodynanic heat-transfer coefficient, Btu/(sec)(sq f£t)(°F)
cp specific heat, Btu/slug-°F
k thermal conductivity of air, Btu/(sec)(sq £t)(°F)/ft
7 viscosity of air, slugs/ft-sec
p density, slugs/cuft
M Mach number

v velocity, f£t/sec

)
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Ngt Stanton number, pv
P pressure, 1b/sq ft
Npy Prandtl number, -cﬁ‘i
K
R Reynol ds nunber, ‘%7'—
T temperature
D dismeter of nodel, £t
A distence from stagnation point along surface of nodel, in.
X di stance from stagnation point along axis of nodel, in.
b disgame from stagnation point to hem sphere- cylinder junction,
It
4
e angle between stat ions on hem sphere and stagnat i on point, deg
t time, sec
T wall thickness, ft
Subscri pts:
au adi abatic wal |
S0 I's entropic stagnation
v Just outs ide boundary |ayer
1 based On distance from stagnation point al ong surface of nodel
w pertaining to wall meterial
m undi sturbed free stream ghead of nodel
1 based on length of 1 foot
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MODEL, INSTRUMENTATTION, AND FLIGHT TEST

The general model arrangement and pertinent dinensions of the test
vehicle are shown in the sketch of figure 1 and in the photograph of
figure 2. The body was an 8-inch-diameter hemi sphere-cylinder having a
fineness ratio of 17.25, stabilized by three tapered trapezoi dal magnesium
fins equally spaced and wel ded to the eylindrical body at the 9l.4k-percent
body station. The leading edges of the fins were.capped Wi th 0.032-1nch
Inconel to protect the magnesium from excessive aerodynanic heating.
Details of the fins are given in figure 1.

The nodel was all metal in construction. Spun Inconel was utilized
for the nosesection which conprised 20.5 percent of the body Iength.
The rear section was formed from msgnesium-alloy Skin and a cast magnesium-
alloy tail section to which the fins were welded. Skin thicknesses for
each measuring station are shown in table I. The Inconel portion of the
model was superpolished to a roughness of 1 to 5 mieroinches on the hemi-
spherical done as neasured by an interference microscope. The degree of
polish on the cylinder greduslly degenerated to 3to8microfiches at
the rearmost portion of the Inconel skin. It was noted that inperfec-
tions ofundetermined depth existed at the hem sphere-cylinder juncture.
The degree of polish is indicated in figure 3.The model was boosted by
an M5 JATO rocket notor and sustained by a 2.8-B-8lo0Cajun rocket notor
cerried internally. A photograph of nmodel and booster is shown in
figure 4.

[ nstrumentation

The nodel was equi pped with six channels of telemetering, two of
which transmtted wall tenperatures, and four transmitted accel erations
to a ground receiving station. The four accelerometers were to measure
longitudinal (two), normal, and transverse acceleration. The tenperature
channels Were commutated approximately every 0.2 second to transmittem
perature nmeasurements at the locations shown in table |. Thernocouples 1
to 20 were installed in the Inconel nose section along two rays 180° apert
by wel ding the chromel-alumel thernocouples to the inner surface. The
accuracy of the tenperature neasurenents was within x2 percent of full
scale. Full scale for this test was 1,400° F, therefore, an error of 28°
was possi ble. A nore conplete discussion of the general nethods of the
tempersture-telemetering techni ques enployed is presented in reference k.
The stagnation-patit thermocoupl e measurements are not di scussed herein,
since this paper is devoted to transition at high Reynclds numbers.

In addition to the instrumentation carried internally, the nodel
was tracked by a CW Doppler velocimeter snd am NACA nodifiled SCR-584
radarto determne the trajectory. Atnospheric and wind conditions were *
determ ned by means of radiosondes laxmched near the time of flight and
tracked by a Rawin set AN/GMD-1A.

-‘l i -'_'-."_ q
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Test

The model was | aunched at an el evation angle of 70°. The booster
accel erated the nmodel to a Mach nunmber of 2.96. The model with burned-
out booster still attached coasted upwards for a predeterm ned time until
the sustainer rocket notor fired. Data in this report are confined to
the first-stage boost (t = Oto 3.5 seconds) and the coasting period
between 4.0 and 6.0 seconds.

DATA REDUCTION

S--tenperature measurements were telenetered to the ground receiving
station. Mdel Mch nunber, velocity, and altitude (fig. 6(a)) were deter-
m ned from SCR-584 position radar neasurements and Doppl er velocimeter
measurenents. Static conditions of tenperature, density, and pressure
(fig. 6(b) ) were determned by correlating radiosonde and SCR-584 position-
radar measurements.

This information was reduced to the form of Stanton nunber by using
the follow ng relationship:

aTy,

1 l;wfwcP:W at
chV)Y_W-'g:w = Ty)-

- h
Nst,v {cpeV), - (

Radi ati on and conduction effects were estimated and found to be smeil

snd are therefore neglected in this preiliminary report. The skin thick-
ness T,washeasured and is presented in table |I. The density py of
Inconel i S constent. The specific heat ep,w varies wWith skin tenper-

ature as shown in reference 5. The rate of change of tenperature with
time dTyw/dt was read mechanically from the nmeasured tenperature data
of figure 5. The thernmodynam c properties of air used in the conputa-
ti ons—were-obtained fromreference 6. The adiabatic wall tenperature
T was obtained fromthe definition of recovery factor

aw

T - T
Recovery factor = =2 %
Tso - T

\
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This leads to
1
T. = Ty + Npy ' (Tao - T)

1/3

The turbul ent recovery factor is considered to be equal t-o0 Npp and

t he laminar recovery factor is considered to be equal to N]_Drl/a, bot h

based on wall tenperature. The stagnation tenperature Ts,was obtai ned
with the essumption of perfect gas.

Local conditions were obtained by using pressure distributions for
a hemisphere-cylinder presented in reference 7 end from supersonic flow
relations for normal shocks (ref. 8).

RESULTS AND DISCUSSION

General

Local heat-transfer coefficients (Stanton numbers) were reduced from =,
t he temperature histories and associated data as described in the section
entitled “Data Reduction.” The Stanton nunbers are presented in figure 7
as a function of i1/b and e. Each part of figure 7 presents data
obtained at a given tine during the flight corresponding to a certain
Mach nunber and Reynol ds number condition. The tines and conditions for
which data are presented are as follows :

%, sec Mo Rw,1
Power on 2.5 2.1k 13. 7X 106
(eccelerating flight) 3.0 2.73 17.0
3.5 2.96 17.7
Pover of f | 4.0 2.78 | 15.9 x 106
(coasting flight) 5.0 2. 42 12.7
6.0 2.17 10.7

Figures 7(a) to 7(c) present data for the power-on accelerating
flight, during which time Mach number and Reyno 1s nunber based on a
length of 1 foot increase to 2.96 and 17.7 X 10°, respectively. Fig-
ures 7(d) to 7(f) present data for the coasting decelersting portion of

N (ot iR TR
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the flight as the Mach nunber and Reggolds number based on a |ength of
1foot decrease to 2.17 and 10.7 x 10°, respectively.

The leminer theories of references 9 and 10 and the turbul ent fiat-
plate theory of reference 11 are also presented in figure 7. Boundary-
| ayer-transition location as indicated by an abrupt and large 'jncrease
in Stanton number iS pointed out on-each figure and the transition
Reynolds nunbers are noted.

Transition

Description of transition novement.- At the earliest time
(t = 2.5seconds, f£ig. T(a) ) at which data were obtained, transition
occurs at €=75° (1/b == 0.833). Transition remains at this |ocation
until t = 3.5 seconds (fig. 7(c)), at which time it noves to & = 60’
(ZI'b = 0.667). During this time (t = 2.5 to 3.5 seconds) the |ocal
Reynol ds mumber of transition based on cal cul ated nmonent um thickness
increased slightly from 1,100 to 1,200 and then decreased to 940. The
| ocal Reynol ds numnber of ‘bransj‘gi on based on distance frapthe stagna-
tion point varied from4.6x10° to 4.3x 10° to 4.4x 10° Stanton num-
bers reduced from both rays (0° and 180°) of thernocouples agreed in
showing the |ocation of transition during this period.

After t=3.5 seconds t he nodel decel erates and Mach nunber and
Reynol ds number decrease. Transition noves resrward and at t = 4.0 sec-
onds (fig. 7(d)) Stanton nunbers reduced fromthe 180° ray of therno-
coupl e neasurenents indicate tramsition at 6 = 90° (Z/b = 1) while neas-
urenents fromthe 0° ray show transition far back on the cylinder at
1/b=3.23. This condition remains throughout t = 6 seconds (fig. 7(£)),
the only change being that the tremsition point moves from /b= 3.23
to t/b = 2.6. Normaland transverse accel erometers show that the nodel
was flying at nearly zero (x0.4°) angle of attack during this period of
the flight, thereby precluding the angle of attack as a possible explena-
tion for the different locations of transition on opposite sides of the
mssile. Since the flowis leminar to Z/b = 2.6 to 3.23 on one side
of the nodel, there is obviously no aerodynam c (Mach nunber, Reynolds
nunber, heating, and so forth) paremeter causing transition at € = 90°
on the opposite side, therefore, a physical disturbance (local roughness)
is considered to be the cause of transition at e = goo. The possible
contaminaetion effects of this |ocal roughness are discussed in a sub-
sequent section. The Reynol ds nunber of transition between t = 4 and
6 seconds on the bottom side varied petween 1,470 %nd 1,270 base on
cal cul ated nonentum thickness and between 15.1 x 10 and 9.9 X 10’ based
on distance from the stagnation point.

Comparison W th previous test resnlts.- Reference 2 presents aero-
dynam c heating and transition data from a previous flight test of an
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8-inch-dismeter hemisphere-cylinder rocket nodel. The first portion of
this previous flight test was very similar to the present nmodel in the
variation of Mach number and Reynolds nunber. The major difference
bet ween the two nodel s was the surface roughness. Whereas the present
model had a roughness of 1 to 5microinches, the previous nodel had a
surfahce rc()ju?hr&ess greater th?ln 22 rms microinches Transition on the
“rough” nodel during power-on flight’

at | ocal Reynol ds numbers between 0 5 X 8 A 7; se@t’@d‘ eé)chrdistmce
fromthe stagnation petit or between 150 and 300 based 0N calculated momen-
tum thi ckness. These val ues compere Wi th velues of 4.4 x 106 end 900 to
1,200, respectively, for the present test (figs. 7(a) to T(ec)). The con-
ciusion is obvious: reducing t he surface roughness had a large effect

on the transition Reynol ds nunber when the Reynol ds nunber based on a
length of 1 foot was high enough to cause transition on this hem sphere.

Turbul ence fromthe bottomside (t 2 4 seconds, 8 = 9¢°, Z/b . 1)
di d not have a large effect on transition on the opposite side. This is
evidenced by the fact that |ocation of transition after leaving a posi-
tion on the nose was the same for the “snooth” and the “rough” nodels,
that is, 2/b=3.25 It was observed that local roughness at the & = 90°
( /o = 1) point of the “smooth” nodel was greater than the >25 rns micro-
inch finish of the “rough” nodel. These inperfections could not be renoved
bydplollsh| ng eand were worse then sinmlar IocaI bad spots on the rough
node

Reference 3 presents hesting and transition measurements On a highly
polished (2 to 5 microinches) hem sphere-cone nodel. This test resulted’
in local Reynolds nunbers of tregsition as high as 1,900 to 2,100 based
on momentum thickness Or 15 X loagase#’on di stance from stagnation point.
However, as the Reynolds number based on a length of 1 foot increased,
transition moved forward and Rg and Ry,7 dropped to 800 and 5x 10°,
respectively. This | ower velue of %ransition Reynol ds nunber is of the
same order as the minimum Reynolds number of transition measured in the
present test. Some quantitative observations may be made from these two
tests for blunt noses having surface finishes of 1 to 5microinches.
Laminar flow may be obtained at Reynolds numbers based on momentum thick-
ness as high as 1,500 to 2,000 on the hemisphere, but wi htReynol ds num-
hers based on a length of 1 foot of the order of 18¥10, values of 800
seem to be a more reasonable value at which to expect transition to occur.

It has been conjectured that the model surface becomes roughened
in flight and results in a "Jump" i n tremsition |ocation. Reference 3,
which showed a " jump" from Rg of 2,100 to Rg of 800 in a very short
period of time, tended to support this conjecture. The present test,
however, would indicate the opposite. First, the movement Of transition
seenms closely allied with Reynol ds nunber based on a length of 1 foot,
whi ch indicates that no large | ocal roughness suddenly appeared; and,
second, when the model decel erated, transition Reynol ds nunbers were as

L g
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high as dining accelerating flight, indicating the absence of a progres-
sive increase in average surface roughness which would have noved transi-
tion graduelly forward With t3me for given conditions.

Heat - t ransf er coefficients.- The heat-transfer coefficients of leminar
magni tude appear to agree reasonably well with the laminar theories of
references 9 and 10, especially beyond & = 30°. The turbulent data when
faired are in fair agreenment wth flat-plate theoxy of reference 11. It
is significant that the turbulent val ues at the transition petit are not
appreciably or consistently higher than theory.

CONCLUDING REMARKS

A highly polished 8-inch-diameter heni sphere-cvlinder has been flight
tested to obteln boundary-layer transition end serodynaemic heating informa-
tion. Preliminary results of this flight test are presented herein for
the portion of the flight at high Reynolds numbers based on a |ength of
1 foot. Data are presented in the form of Stanton nunbers for Mach mum-
bers between 2 end 3 for free-stream Reynol ds nunbers based on a length
of 1 foot between 10.7 x 10° and 17.7 X 106. The followi ng observations
were made fromthe present data and comparisons with previous tests in
this program

1. Leminar flow on the hem sphere was obtained to local Reynol ds
numbers based on nonentum thickness as high as 1, 200. é\gt he hi ghest
Reynol ds number based on a length of 1 foot of 17.7 X 10° the local
Reynol ds number of <transition was 940.

2. The effect of reducing the surface roughness from greater than
25 s microinches t0 | €SS than 5 microfiches was to increase transition
Reynol ds nunbers from between 100 and 400 to values from 940 to 1, 200.

3. This mnimum Reynol ds nunber of transition (940) is in good agree-
ment with results presented in NACA Research Menmorandum I5TDO5 for a bl unt
nose of about the seme surface finish (2 to 5 microinches), indicating the
repeatability of tremnsition |ocation in practical application.

4. 1t appeared that a |ocal roughness condition caused transition
on one side of the cylinder during a portion of the £iight. The | oca-
tion of transition on the opposite side of the model was not apparently

frsoEmaTI
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affected to any large extent by contam nation from turbul ence emanating
from this point.

Langley Aeronautical Laboratory, _
Nat i onal Advisory Committee for Aeronautics,

Langley Field, Vs., 4pril 8, 1957.
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TABLE I.- LOCATION OF THERMOCOUPLES

_
e

I A .

Thermocouple ; Skin
nunmber 0, deg | x, in. Loin. L/ t hi ckness, in.

1 0 0 0 0 0.039

2 T.5 .04 . 524 . 083 . 039

3 15 .15 1. 05 . 167 . 039

4 30 54 2.09 « 333 . 034

5 45 1.17 3.14 . 500 . 033

6 60 2.00 4.19 . 667 .034

7 75 2.96 5.23 . 834 . 033

8 90 4.00 6. 28 1.000 . 027

9 | ----- 7.00 9.28 1.48 . 033

810 - - -45 1.17 3.14 .50 . 033

831 -60 2.00 k.19 . 667 .034

a12 -90 4.00 6. 28 1.00 . 027

13 10. 00 12.28 1.96 .034

14 14.00 16.28 2.59 . 033

15 18.00 20. 28 3.23 . 034

16 22.00 24. 28 3.86 . 033

a1t 7.00 9.28 1.48 . 033

218 10. 00 12.28 1.96 .034

819 14. 00 16. 28 2.59 . 033

a0 18. 00 20. 28 3.23 . 034

8180° from main line of thermocouples.
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Figure 2.- Photograph or model.
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(8) Closeup of model nose.
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Figure 3.~ Photographs of model showing high degree of polish (0 to 5 microinches).
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Model nounted on launcher.

Figure 3.- Concluded.
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Figure 4.~ Model-booster conbi nation on | auncher.
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Figure 5.- Skin temperatures measured in flight.
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